Cotton fibers are single-celled trichomes that initiate from the epidermal cells of the ovules at or before anthesis. Here, we identified that the histone deacetylase (HDAC) activity is essential for proper cotton fiber initiation. We further identified 15 HDACs homoeologs in each of the A-and D-subgenomes of Gossypium hirsutum. Few of these HDAC homoeologs expressed preferentially during the early stages of fiber development [À1, 0 and 6 days post-anthesis (DPA)]. Among them, GhHDA5 expressed significantly at the time of fiber initiation (À1 and 0 DPA). The in vitro assay for HDAC activity indicated that GhHDA5 primarily deacetylates H3K9 acetylation marks. Moreover, the reduced expression of GhHDA5 also suppresses fiber initiation and lint yield in the RNA interference (RNAi) lines. The 0 DPA ovules of GhHDA5 RNAi lines also showed alterations in reactive oxygen species homeostasis and elevated autophagic cell death in the developing fibers. The differentially expressed genes (DEGs) identified through RNA-seq of RNAi line (DEP12) and their pathway analysis showed that GhHDA5 modulates expression of many stress and development-related genes involved in fiber development. The reduced expression of GhHDA5 in the RNAi lines also resulted in H3K9 hyper-acetylation on the promoter region of few DEGs assessed by chromatin immunoprecipitation assay. The positively co-expressed genes with GhHDA5 showed cumulative higher expression during fiber initiation, and gene ontology annotation suggests their involvement in fiber development. Furthermore, the predicted protein interaction network in the positively co-expressed genes indicates HDA5 modulates fiber initiation-specific gene expression through a complex involving reported repressors.
INTRODUCTION
Cotton fibers are a valuable resource for the textile industries, and its development is an excellent model to study cell differentiation. The development of fibers encompasses four overlapping stages, i.e. initiation, elongation, secondary cell wall biosynthesis and maturation (Basra and Malik, 1984; Lee et al., 2007) . The transcription regulation of fiber initiation and elongation are relatively better understood as few genes have been characterized, implicating their role in the initiation and elongation. The MYB25 (Wu et al., 2006; Machado et al., 2009) , MYB25-like (Walford et al., 2011) , sucrose synthase (Ruan et al., 2003) , GbPDF1 (Deng et al., 2012) , GhH2A12 (Hao et al., 2014) , IAA (Zhang et al., 2011) , GhMYB2 (Wang et al., 2004) , GhHD1 (Walford et al., 2012) , GhJAZ2 (Hu et al., 2016) , GhPIN3a and GhMML4 (Wu et al., 2018; ) , etc. are some important regulators of fiber initiation; whereas the elongation-related regulators include: GhFAnnxA , GhCaM7-like (Cheng et al., 2016) , GhMYB109 (Pu et al., 2008) , GhPK6 , GhHOX3 (Shan et al., 2014) and GhPRE1 (Zhao et al., 2018) , etc. in the cotton.
Although some information is available about the cotton fiber development-related genes, its epigenetic regulation is poorly understood. Few recent studies showed the importance of DNA methylation, histone methylation and small RNAs in the cotton fiber and root development. The DNA methylation is also responsible for the expression bias of homoeologous genes during ovule and fiber development in allotetraploid cotton (Song et al., 2015) . In another report, hypermethylated DNA governs the fiber differentiation by the H3K9me2-dependent pathway in Gossypium barbadense . The histone methylation mark H3K4me3 has also been implicated in the expression bias of homoeologous genes in root-tip cells in Gossypium hirsutum (Zheng et al., 2016) . Recently, extensive studies have generated a plethora of information about small RNAs that are expressed during the cotton fiber development (Guan et al., 2014b; Sun et al., 2017) . The microRNAs such as miR828 and miR858 have been shown to control the fiber development via targeting MYB2 homoeologs in G. hirsutum (Guan et al., 2014a) . Another report also revealed that the miRNA156/157 are essential for the fiber elongation in G. barbadense . Similarly, the siRNA generated by the bidirectional transcript of GhMML3 involved in the cotton fiber initiation (Wan et al., 2016) . However, besides a few studies on the epigenetic regulators, the role of post-translational histone marks in the fiber development is still elusive.
Among the several histone modifications, histone acetylation is the most studied and vital in plant growth and development (Wang et al., 2014) . Histone acetylation is dynamically maintained by two classes of histone modifiers; histone acetyltransferases and histone deacetylases (HDACs). HDACs deacetylate the lysine residues of N-terminal histone tails that results in repression of gene expression (Strahl and Allis, 2000) . In plants, HDACs can be categorized into three families, i.e. RPD3/HDA1, SIR2 and HD2, among them HD2 is specific to plants (Pandey et al., 2002) . HDACs control various biological processes related to plant growth and development (Tian and Chen, 2001; Hao et al., 2016) . These include leaf and trichome development (Tian et al., 2003) , root development , embryo development (Cigliano et al., 2013) , flowering (Yu et al., 2011; Luo et al., 2015) and seed germination (Zhao et al., 2016) . Trichostatin A (TSA) inhibits deacetylation activity of HDACs (Sekhavat et al., 2007) . TSA has been used to understand the role of HDACs in male gametophyte (Li et al., 2014) , root hair development (Xu et al., 2005) and seed germination (Tanaka et al., 2008) . Hence, TSA as a small chemical molecule provides an excellent option to study the role of HDACs in cotton fiber development.
In the present work, we showed that the TSA-mediated inhibition of HDAC activity significantly affects fiber initiation. Our functional genomics study identified GhHDA5 as a potential gene that modulated histone acetylation dynamics during fiber initiation. The deacetylation of H3K9Ac during fiber initiation monitors the expression of several genes necessary for fiber development. Thus, the present study revealed the role of histone acetylation, in particular GhHDA5 in cotton fiber development.
RESULTS

HDACs activity is necessary for the cotton fiber initiation
We used the varying concentrations of TSA in in vitro ovule culture to assess the role of HDACs in cotton fiber development. Cotton ovules were cultured at À3 days post-anthesis (DPA) in media containing different concentrations (1, 2, 3 and 4 lM) of inhibitor (TSA). The photographs of 3 DPA ovules showed that increasing concentration of TSA inhibits fiber initiation (Figure 1a ). At the 3 lM concentration, TSA completely inhibits fiber initiation in the cultured ovules. We also observed some callus-like outgrowths on the TSA-treated ovules at the 4 lM concentration (Figure 1a) . In the TSA-treated (3 lM) cultured ovules, scanning electron microscopy (SEM) of 0 DPA ovules showed no fiber initials, while it revealed some fiber protrusions and surface distortions at 1 DPA ( Figure 1b) . The lower estimation of Total Fiber Unit (TFU) in the TSA-treated ovules at 3 DPA concurs with the lower fiber initials observed in the SEM analysis (Figure 1c) . The microscopic examination of the epidermal layer of TSA-treated (3 lM TSA) and control ovules at 0 DPA showed intact epidermal layer in both cases without any significant visual differences in cell viability ( Figure S1 ). Thus, the results indicate the effect of TSA on cultured ovules is specifically due to the inhibition of HDACs rather than its toxicity.
Gossypium hirsutum has broadly conserved HDAC gene family
We identified 30 HDAC genes in G. hirsutum by their similarity search with HDACs of Arabidopsis (Pandey et al., 2002) . The identified HDAC genes belong to chromosomes 1, 3, 5, 7, 9, 11, 12 and 13 in A-, and chromosomes 1, 2, 3, 4, 5, 9, 11, 12 and 13 in D-subgenome (Table S1 ). Thus, each subgenome has 15 HDAC genes, and their CDS length ranged from 735 to 2004 bp (3-17 exons), whereas their protein length varied from 244 to 667 amino acids (Table S1 ). Phylogenetic analysis of HDACs of G. hirsutum revealed that all the members categorized into three families; RPD3, SIR2 and HD2 (Figures S2 and S3a) . The RPD3 and SRT2-type cotton HDACs clustered with their homologs in Arabidopsis, while the HD2-type members formed a distinct clade in the phylogenetic tree ( Figure S2 ). We assigned the name of RPD3 and SRT2-type members according to the Arabidopsis, whereas new names were assigned to the HD2-type members (GhHDT1-4). The RPD3 family was further classified into three classes, i.e. Class I (GhAHDA19A, GhDHDA19A, GhAHDA19B, GhDHDA19B, GhAHDA6, GhDHDA6, GhAHDA9 and GhDHDA9), Class II (GhAHDA5, GhDHDA5, GhAHDA15, GhDHDA15, GhAHDA14, GhDHDA14, GhAHDA8 and GhDHDA8) and Class III (GhAHDA2 and GhDHDA2), comprising eight, eight and two members, respectively, whereas the SIR2 (GhASRT1, GhDSRT1, GhASRT2 and GhDSRT2) and HD2 (GhAHDT1, GhDHDT1, GhAHDT2, GhDHDT2, GhAHDT3, GhDHDT3, GhAHDT4 and GhDHDT4) families comprise four and eight members, respectively ( Figure S3a ). The RPD3 and SIR2 members possessed a typical HDAC domain similar to their homologs in yeast ( Figure S3b) . None of the HD2-type plant-specific members has any conserved HDAC domain. Only GhAHDT4 contains the nucleoplasmin domain. GhDSRT1 and GhDHDT1 contain the RBZ zinc finger domain, which has a role in the nucleocytoplasmic trafficking (Singh et al., 1999) . In Class I of RPD3, only GhHDA9 contains the terminal low-complexity regions (tLCRs), while the members of Class II possessed the central LCRs (c-LCRs), except GhHDA15 that possessed both cand t-LCRs. The c-LCR was also found in the GhASRT2, but not in GhDSRT2 and GhSRT1. The HD2-type members have the maximum numbers of LCRs ( Figure S3b ). HDACs of RPD3 and HDT2 families were predicted to be nuclear and cytoplasmic localized, whereas GhSRT2 to the chloroplast (Table S1 ). It was also noteworthy that the exon numbers were similar in many A/D-subgenome-specific homoeologs, indicating their evolutionary conservation ( Figure S3c ). Besides, variation in exon/intron numbers between A-and D-subgenomic homoeologs of the GhHDA5, GhHDA15, GhHDA8, GhHDT1 and GhHDT4 might be resultant of asymmetric selection during domestication and provide specificity for the fiber developmental stages.
Expression profiling of HDACs in G. hirsutum
We profiled the expression of 30 HDAC homoeologous genes (A-and D-subgenomes) in leaf and several stages of cotton fiber development, i.e. À1, 0, 6, 12, 19 and 25 DPA using quantitative polymerase chain reaction (qPCR). The qPCR analysis confirmed fiber initiation or elongation-specific expression of several genes. However, GhSRT1, GhSRT2, GhHDT2, GhHDA6 and GhHDT1 did not show a specific expression pattern (Figure 2 homoeolog) showed relatively higher expression at 0 and 6 DPA, while GhHDA8 (A-homoeolog) was typical À1 DPAspecific. Similarly, the expression of GhHDA19B (A-homoeolog) was specific to the 0 DPA, while both GhHDA15 (Dhomoeolog) and GhHDA19A (A-and D-homoeologs) showed a typical 6 DPA-specific expression. The expression span of GhHDA9 was relatively broader and it seems to be expressing from À1 to 12 DPA, whereas GhHDA14 was expressing relatively higher during À1 to 6 DPA. The expression of GhHDT4 (A-homoeolog) was elongation-specific as it was expressing significantly higher at 12 DPA. The expression of two genes GhHDA5 and GhHDT3 was identified as initiation-specific as they showed higher expression at À1 and 0 DPA, which declined in subsequent stages. Thus, based on the expression profiling, we selected GhHDA5 for further functional validation as its expression was typically initiation-specific, which coincides with the results obtained with TSA inhibition in in vitro ovule culture.
GhHDA5 deacetylate H3K9Ac mark in the in vitro condition
The 84.3-kDa recombinant His-tagged GhHDA5 protein was expressed in Escherichia coli, and the soluble Relative expression value fraction was used for partial purification of His-tagged GhHDA5 protein (Figure 3a -c). The partially purified GhHDA5 was validated by Western blotting using antiPenta-His antibody (Figure 3d ), as well as by peptide sequencing (MS-MS; Figure 3e ). The partially purified GhHDA5 protein was deployed for assessing HDAC activity using acH3K9 synthetic peptides. The increasing concentrations of GhHDA5 lead to shifting in mass by 42 Da on MALDI-TOF/TOF, which corresponds to the molecular mass of acetyl moiety ( Figure S4 ). The results indicate an increase in the deacetylation of the synthetic acH3K9 peptide as the concentration of GhHDA5 increases, at the highest concentration (8 lg) all the acetylated peptides were converted to non-acetylated. Because at the 2 lg GhHDA5 concentration the peaks of both acetylated and deacetylated peptides were found approximately equal ( Figure S4 ), hence 2 lg GhHDA5 was used for analyzing deacetylation of acH3K14 and the tetra-acetylated peptides acH4K5, 8, 12, 16. We observed that GhHDA5 deacetylates acH3K9 with higher efficiency than acH3K14 peptides at 2 lg protein concentration (Figure 4a and b). The efficiency of GhHDA5 to deacetylate acH4 tetra-peptides seems to be poor as we observed weak deacetylation signals (Figure 4c and d). It was noteworthy that the deacetylase activity of GhHDA5 with all the tested peptides can be efficiently inhibited by adding TSA in the assay (Figure 4a-d) . Thus, an initiation-specific expression of GhHDA5 and its H3/H4 acetylation activity that is efficiently inhibited by TSA make it a good target for further functional validation. 
RNAi-mediated suppression of GhHDA5 leads to lower fiber initiation and lint yield
The RNA interference (RNAi) construct was developed by targeting a 386-bp-long sequence to explore the biological role of GhHDA5 in cotton ( Figure S5a Table S2 ). The qPCR analysis of T1 transgenic lines showed invariably lower expression of GhHDA5 transcript in all the tested transgenic lines as compared with control (Figure S7a) . Two RNAi lines DEP3 and DEP12 showed the lowest expression of GhHDA5 among all the transgenic lines, and thus were selected for further analysis. The SEM of 0 DPA ovules of DEP12 (T1 generation) showed lower fiber initial density compared with untransformed control ( Figure S7b and c). In concurrence with the fiber initials, the lint percentage was also significantly reduced in both the DEP3 and DEP12 RNAi lines ( Figure S7d ). Thus, both PCR-positive RNAi lines DEP3 and DEP12 ( Figure S6c ) were advanced to the T2 generation and subjected to detailed investigation. Consistent with T1, the qPCR analysis showed significantly lower GhHDA5 transcript in both independent progenies of DEP3 and DEP12 in the T2-generation compared with non-transformed control plants ( Figure S8a ). Further, we also checked the expression of Class II HDACs, including GhHDA5, GhHDA8, GhHDA14 and GhHDA15, using qRT-PCR in DEP 12 RNAi line to confirm RNAi specificity ( Figure S9 ). The expression of
GhHDA5 was significantly lower in GhHDA5 RNAi line (DEP12) in comparison to the control plant, whereas GhHDA14 and GhHDA15 showed slightly higher expression in DEP12 compared with the control plant. The expression level of GhHDA8 was unchanged. Thus, the expression result confirmed no off-target effect of RNAi targeted to GhHDA5. We observed delayed flowering in both the RNAi lines as compared with the control plants ( Figure S8b ). The DEP3 and DEP12 showed smaller bolls size as compared with the control ( Figure S8c) . Similarly, boll numbers were significantly lowered in DEP3 (4.00 AE 1.0; P < 0.05) and DEP12 (2.66 AE 1.15; P < 0.05) compared with the control plants (6.5 AE 0.7; Figure S8d ). DEP3 (1.94 AE 0.78 g; P < 0.05) and DEP12 (1.86 AE 0.47 g; P < 0.05) also showed significantly lower boll weight as compared with the control plant (3.34 AE 0.04 g; Figure S8e ). Further, the seed numbers per boll were also found to be significantly lowered in DEP3 (10.01 AE 7.45; P < 0.01) and DEP12 (12.67 AE 4.85; P < 0.05) compared with the control plant (20.28 AE 5.22; Figure S8f ). As expected, the SEM revealed that the fiber initials density was significantly lowered in the 0 DPA ovules of DEP3 (206.5 AE 11.02; P < 0.01) and DEP12 (173.33 AE 17.03; P < 0.01) compared with the control ovules (300.83 AE 10.88; Figure 5a and b). Thus, the lower TFU in ovules of RNAi lines at 3 DPA also corresponds to the lower fiber initials on the surface of the ovules ( Figure S10 ). Interestingly, the manual length measurement suggested the significant higher fibers length in DEP3 (31.75 AE 1.77 mm; P < 0.05) and DEP12 (32.82 AE 1.52 mm; P < 0.05) as compared with the control (28.19 AE 1.56 mm) plants (Figure 5c and d), whereas HVI testing of lint fibers suggested no significant change in the 2.5% span length in the RNAi lines ( Figure S11a ). However, the overall lint percentage in the GhHDA5-suppressed lines [DEP3 (38.37 AE 1.15; P < 0.05) and DEP12 (35.87 AE 2.45; P < 0.05)] was significantly lower as compared with the control plants (42.2 AE 1.64; Figure 5e ). The other lint quality parameters of RNAi lines were assessed by HVI testing, although we did not observe significant changes in the quality parameters except that the DEP12 line showed relatively lower micronaire and tenacity ( Figure S11a-d) . Interestingly, we observed bigger seed size and increased fuzz fiber content in both DEP3 and DEP12 compared with the control plants ( Figure S12a -e).
GhHDA5-suppression causes the oxidative stress and leads to the reduction in fiber cell differentiation
Reactive oxygen species (ROS) signaling plays an essential role in the cotton fiber development (Zhang et al., 2010 . Thus, to understand the reasons for the altered fiber parameters in RNAi lines, the ROS level was examined. The accumulation of superoxide in developing fibers was examined by NBT (nitroblue tetrazolium) staining of 0 DPA ovules. We observed much higher staining in both the DEP3 and DEP12 RNAi lines as compared with the control (Figure 6a ). The higher superoxide accumulation in RNAi prompted us to examine the level of H 2 O 2 generated in the developing fibers using DAB (3,3 0 -diaminobenzidine) staining. The 0 DPA ovules of both the RNAi lines showed much lower DAB staining as compared with the control ovules, indicating that there was a lesser accumulation of H 2 O 2 in RNAi lines (Figure 6b ). We also confirmed lower H 2 O 2 in RNAi lines by H 2 DCFDA fluorescence staining in the 0 DPA ovules of RNAi lines compared with the control ovules (Figure 6c and d) . Thus, the DAB and H 2 DCFDA staining further confirmed lower accumulation of H 2 O 2 in the 0 DPA ovules of RNAi lines. The higher accumulation of superoxide radicals (NBT staining) and lower accumulation of H 2 O 2 (DAB and H 2 DCFDA staining) indicate that there is poor scavenging of superoxide radicals in the developing fibers of RNAi lines. To ascertain this further, we analyzed superoxide dismutase (SOD) activity in the 0 DPA ovules of both the RNAi lines, and identified that the SOD activity was significantly lower in both the RNAi lines compared with the control ovules (Figure 6e) . The higher accumulation of superoxide radicals in the cells leads to induced autophagy-mediated cell death (Chen et al., 2009) showed significantly higher staining, indicating the higher level of induced autophagosomes in RNAi lines as compared with control ovules (Figure 6f ). Our results thus clearly suggest that the perturbation in the ROS homeostasis leads to the elevated level of superoxide, which evokes the autophagic cell death in the developing fibers of GhHDA5-suppressed RNAi lines.
The significant perturbations in the fiber and cell development-related gene networks altered in the GhHDA5-suppressed RNAi line
We performed RNA-seq analysis of 0 DPA ovules sample of RNAi line (DEP12) and non-transformed control to understand the perturbation in the expression of fiber initiation-specific genes influenced by GhHDA5. The differentially expressed genes (DEGs) between DEP12 line and control (the minimum log 2 fold change ≥1.0 with P ≤ 0.01 and FDR ≤ 0.05) were identified using millions of qualityfiltered reads mapped on reference genome (Table S3) . A total of 373 up-and 356 downregulated genes were identified in the RNAi line as compared with the control (Data S1). Closer inspection of DEGs showed the presence of several genes implicated in cotton fiber development (Zhu et al., 2003; Machado et al., 2009; Walford et al., 2011) . For example, the genes that encode for SANT/Myb, helix-loophelix DNA-binding proteins, ankyrin repeat-containing domain proteins, plant lipid transfer proteins, glycosyltransferases, pectate lyase, autophagy-related proteins, serine-threonine protein kinases, HSP40, ABC transporters and fatty acid hydroxylases were upregulated, whereas genes for ribosomal proteins, auxin-related proteins, EFhand motif-binding proteins, AP2/ERF, WD40 repeats containing proteins, late embryogenesis abundant proteins, plant peroxidases, mitochondrial brown fat uncoupling proteins, HSP70 and plant-specific HDACs were present in the downregulated genes (Data S1). Further, the gene ontology (GO) analysis (Figure 7a ) also revealed that the DEGs were enriched with development, cell wall, redox, hormone metabolism, lipid and secondary metabolismrelated genes. Many of these pathways are important for the fiber development in cotton (Hu et al., 2011; Zhang et al., 2011 Zhang et al., , 2016a Kim et al., 2012) . The DEGs were further subjected to MapMan analysis to understand the precise pathways that were altered in the RNAi line. The MapMan analysis pointed out that the downregulated genes in RNAi line mainly belong to the cell wall-related processes, which mostly include cell wall and its precursor biosynthesis and cellulose synthase (Figure 7b ). In hormone metabolism, genes belonging to auxin, ethylene, gibberelic acid and jasmonic acid metabolism were significantly downregulated. It was also noteworthy that the genes belonging to oxidative radical scavenging molecules like glutathione and ascorbate were also downregulated, while the upregulated genes mainly belong to stress pathways, cell wall proteins, abscisic acid metabolism, autophagy and few transcription factors ( Figure S13 ). To determine the fiber specificity of the DEGs, we compared the DEGs of DEP12 RNAi with that of DEGs of fiberless Xu142fl mutant (Ma et al., 2016a,b) at 0 DPA. It was estimated that approximately 15% DEGs were common in both cases. MapMan analysis of these common DEGs ( Figure S14 ) showed that genes belonging to the cell wall, hormones (brassinosteroids [BRs] and ethylene), transcription factors (AP2/ERF, BHLH, MYB, NAC and WRKY) and development metabolism-related pathways were downregulated. These genes are essential for fiber development (Sun et al., 2005; Shi et al., 2006; Avci et al., 2013; Yang et al., 2014) . Besides common DEGs, even MapMan analysis of the unique DEGs of DEP12 and Xu142fl also showed enrichment of genes that are crucial for fiber development ( Figure S15 ). The unique DEGs showed enrichment of pathways like lipid, hormones (auxin, BRs and GAs), and redox metabolism in DEP12 and Xu142fl mutant. Thus, MapMan analysis of many common and unique genes that are affected in the fiberless mutant and RNAi line DEP12 supports that GhHDA5 is involve in fiber development.
Next, we determined the co-expressing genes with GhHDA5 using Cytoscape (http://apps.cytoscape.org/apps/e xpressioncorrelation) and RNA-seq data of different fiber developmental stages, i.e. 0, 5, 10, 20 and 25 DPA of G. hirsutum (Zhang et al., 2015) , available in SRA database. We identified 1517 positively and 574 negatively co-expressing genes with GhHDA5 (Data S2 and S3). The cumulative expression of positively co-expressed genes with GhHDA5 showed significantly higher expression at 0 DPA, which decreases in the successive developmental stages. In complete contrast, the negative co-expressed genes showed significantly lower expression at 0 DPA, which increases in the later stages of fiber development ( Figure S16a and b) . Thus, the cumulative expression of co-expressing genes substantiates the importance of GhHDA5 during fiber initiation. The pathway analysis of co-expressing genes by AgriGO suggested that GhHDA5 positively co-expressed genes essential for the different biological processes and development, including actin filament, cytoskeleton organization, cell division, cell wall polysaccharide biosynthesis, primary shoot apical meristem (SAM), regulation of trichome morphogenesis and differentiation (Figures S16c and d, and S17). It has been reported previously that fiber development showed a similarity with trichome morphogenesis and development (Wang et al., 2004) . Thus, identifying genes that are involved in trichome development as positively co-expressed genes with GhHDA5 further substantiate their importance in fiber development. We also predicted the protein-protein interaction network in the positively co-expressed genes with GhHDA5 by using String. Interestingly, String predicted a network of GhHDA5 that includes predicted interacting partners, such as HDA6, FVE, PWR, SUVH3, HAF1, HSFA1D, HSF3, HSP20 and HSP90 ( Figure S16e ). It was reported previously in Arabidopsis that HDA5 functions as a part of repressor complex consisting of AtHDA6, FLD and FVE, which is involved at flowering time (Luo et al., 2015) .
GhHDA5 suppression causes hyperacetylation of the H3K9 mark in on both the up-and downregulated genes in cotton ovules at 0 DPA
The RNA-seq result was further validated by qPCR of six upregulated genes (DnaJ/HSP40, Ser/Thr kinase, ABC transporter, ATG8, MYB and Expansin) and six downregulated genes (WRKY, Aux/IAA, AP2/ERF, Cellulose synthase, APX1 and TCP7). The genes selected for the validation were known for their role in fiber and cell development. The qPCR analysis revealed that the expression pattern of all the selected genes was similar to that identified in the RNA-seq analysis ( Figure S18 ). Thus, the qPCR analysis authenticates the expression profile of genes identified in the RNA-seq data. Besides, eight previously well-characterized fiber initiation-specific genes GhPDF1, GhMYB2, GhSUS3, GhAUX1, GhMYB25-like, GhHD1, GhMYB25 and GhH2A12 were selected to profile their expression in RNAi lines using qPCR. We observed that the expression of GhMYB2, GhAUX1, GhMYB25-like, GhHD1 and GhH2A12 was significantly lower in the RNAi lines as compared with the non-transformed control ( Figure S18 ). The expression of GhPDF1 and GhMYB25 was also lower but statistically non-significant, and the expression of GhSUS3 was higher in RNAi line as compared with the control plants (Figure S18) . Thus, the expression of key regulators of cotton fiber initiation was significantly affected in RNAi lines as indicated in our qPCR analysis. GhHDA5 primarily deacetylates H3K9 histone marks (Figure 4) , thus next we examined the correlation between H3K9Ac with gene expression in the 0 DPA ovules of RNAi line. We estimated the H3K9Ac status onto the promoters (near TSS) of selected 12 up-and six downregulated and eight known key fiber initiation-specific genes using chromatin immunoprecipitation (ChIP)-qPCR. The assay revealed two upregulated genes (ABC transporter and ATG8) showed statistically significantly higher H3K9Ac level onto their promoter in the DEP12 in comparison to the control plant (Figure 8a ), whereas the two downregulated genes, i.e. IAA/AUX and Metallothionine, also showed significant H3K9Ac enrichment and depletion on their promoter, respectively (Figure 8b) . Moreover, three fiber-specific genes (GhAUX1, GhHD1 and GhH2A12) showed significant H3K9Ac enrichment, whereas GhMYB25-like showed depletion of H3K9Ac on the promoter in the DEP12 RNAi lines in comparison to the control plant (Figure 8c ).
DISCUSSION
In our present work, we identified that the inhibition of HDAC activity by TSA suppresses the cotton fiber initiation (Figure 1b ). This inhibition is specific as TSA at the 3 lM concentration does not show any apparent toxicity at the epidermal layer of the ovules ( Figure S1 ). Consistent with our study, TSA is shown to delay seed germination and development (Tanaka et al., 2008) , and disturb cellular patterning of root epidermis in Arabidopsis seedlings (Xu et al., 2005; Liu et al., 2013) . HDACs thus play critical roles in plant development and inhibiting HDAC activity by TSA disturbed development-related processes in plants.
GhHDA5 is a Class II member of the RPD3-type family and possesses a typical HDAC domain ( Figure S3b ) similar to that in Arabidopsis (Pandey et al., 2002; Alinsug et al., 2009) . The higher expression of GhHDA5 at À1 and 0 DPA (Figure 2) , its H3K9-specific deacetylation activity and inhibition by TSA (Figure 4a ), and nuclear localization signal (Table S1 ) suggested that it is a potential candidate gene having a role in cotton fiber initiation. Consistent with its role during flowering in Arabidopsis (Luo et al., 2015) , the RNAi lines for GhHDA5 also showed delayed flowering in our study ( Figure S8b ). We also observed smaller boll size and lower boll number, boll weight and seed numbers in RNAi lines (Figure S8c-f) . The lower seed numbers in RNAi lines may be due to the improper fertilization as we observed many shrunken seeds in our study. Suppression of GhMYB25 leads to fewer seeds of cotton (Machado et al., 2009) , we also noted the reduced expression level of GhMYB25 in the RNAi lines ( Figure S18s) . Thus, the lower number of seeds can be attributed to lower expression of GhMYB25. Similarly, significantly lower expression of fiber initiation-specific genes, such as GhMYB2 (Wang et al., 2004) , GhAUX1 (Zhang et al., 2011 ), GhMYB25-like (Walford et al., 2011 and GhHD1 (Walford et al., 2012; Figure S18) might be responsible for the reduction of fiber initials in the RNAi lines (Figure 5a and b) . We also observed relatively longer fiber length (Figure 5c and d) and larger seed size ( Figure S12b and c) in the RNAi lines, this may be due to alterations in the carbon allocation as more carbon allocated to the elongating fiber and developing ovules due to the reduced number of fiber initials. Cotton fiber initiates in two waves: the first wave (À3 to 3 DPA) initiates lint fibers, while fibers initiating in the second wave (7-10 DPA) develop into short fuzz fibers (Guan et al., 2014b) . The fuzz fibers were significantly higher in RNAi lines ( Figure S12a and d) , indicating shift in the development program in RNAi lines from the first to the second wave of fiber initiation.
In addition, RNA-seq of RNAi line of GhHDA5 showed several downregulated DEGs that belong to various important pathways, including cell wall, hormone metabolism, auxin (Zhang et al., 2011) , BRs (Yang et al., 2014) , ethylene (Chen et al., 2012) and redox , which are important for fiber development (Figure 7b) . Thus, any perturbation in the expression of these genes may have led to abnormal fiber development as in the case of RNAi line. These DEGs of RNAi (DEP12) also shared several commonly downregulated genes and pathways with Xu142fl fibreless mutant, indicating a key role of GhHDA5 in regulating expression of fiber-specific genes ( Figure S14 ). In the co-expressing network of GhHDA5 (Data S1), the higher cumulative expression of positively co-expressed genes with GhHDA5 during fiber initiation also supports the importance of GhHDA5 in fiber initiation ( Figure S16a ). These positively co-expressed genes showed enrichment of genes belonging to trichome development, primary SAM, actin filament and cytoskeleton organization, cell division and cell wall polysaccharide biosynthesis in the GO analysis ( Figure S16d) . The previous reports also showed that Arabidopsis trichome and cotton fiber follow similar molecular machinery for their initiation (Wang et al., 2004) . Further, PIN3 (Data S1) and AUX/IAA were downregulated in the RNAi lines (Figure S18 ), these genes are essential for auxin transport in both the SAMs as well as in fiber initiation (Zhang et al., 2011 . The lower expression of cellulose synthase in the RNAi line ( Figure S18 ) suggests it is essential for fiber initiation as the cell wall polysaccharide biosynthesis pathway was also enriched in the positively co-expressed genes. Actin filament and cytoskeleton organization are also important for fiber development .
The in vitro HDAC activity assay suggested that GhHDA5 primarily deacetylates H3K9ac mark (Figure 4) . Interestingly, positively co-expressed genes with GhHDA5 exhibited protein interaction networks with HDA6, FVE, PWR, SUVH3, HAF1, HSFA1D, HSF3, HSP20 and HSP90 (Figure S16e) . These results agree with the previous reports that showed that the repressor complexes AtHDA5-AtHDA6-FLD-FVE (Luo et al., 2015) , AtHDA6-FVE-FLD (Yu et al., 2011) and AtHDA9-PWR (Kim et al., 2016) were involved in flowering time via deacetylation of H3K9K14 in Arabidopsis. Further, the SUVH3 (histone methyltransferase) is a repressor protein that also acts on the H3K9 histone mark and is responsible for its methylation in the proliferating cells (Casas-Mollano et al., 2006) . Our results thus indicate the involvement of a larger complex that is probably comprised of GhHDA5, which targets H3K9ac to control the expression of genes during fiber initiation (Figure S16e) . However, this is just a predictive model and it requires confirmation by future experimentation. Additionally, the interaction of HDA5 with several HSPs and HSFs is interesting as our group recently described that inhibition of HSP70/HSP90 severely impedes fiber initiation by oxidative stress and autophagy (Sable et al., 2018) . We also found the enhanced superoxide level and autophagy (Figures 6a and f, and 7b ) marked by higher ATG8 expression and higher H3K9 acetylation on ATG8 promoter in the ovules of GhHDA5 RNAi lines. The previous studies also showed that ATG8 is a marker gene of autophagy (Honig et al., 2016; Ryabovol and Minibayeva, 2016) . The ChIP analysis with DEGs and key fiber-specific genes revealed that gene expression and enrichment/depletion of H3K9Ac mark correlate in ABC transporter, ATG8, Metallothionine and GhMYB25-like, but not in AUX/IAA, GhAUX1 and GhHD1 (Figure 8 ). In the latter case, there might be another layer of complexity involving other histone marks that are not understood presently and required additional study. In agreement with our present results, previous work also showed that the inhibition of HDACs by TSA treatments results in hyperacetylation of H3K9 marks at the promoters of both up-and downregulated genes in humans (Lopez-Atalaya et al., 2013) . Together, our study presents substantial evidence for the involvement of GhHDA5 in the regulation of gene expression during initiation of cotton fibers.
EXPERIMENTAL PROCEDURES Plant materials
The plants of accession NBRI-58 (G. hirsutum) were cultivated in the field of NBRI, Lucknow, India. The buds were harvested at À3 DPA (initiation stage) for the in vitro ovule culture experiment for initiation stage. The flowers were tagged at 0 DPA for the RNA isolation at different developmental stages.
In vitro ovule culture, inhibitor treatment and visualization of ovule epidermis. The details are provided in Appendix S1.
SEM. The details are provided in Appendix S1.
Estimation of TFU. The details are provided in Appendix S1.
Identification and analysis of HDAC family in G. hirsutum. The details are provided in Appendix S1.
Total RNA isolation and qPCR. The details are provided in Appendix S1 and Table S4 .
In vitro HDAC activity assay. The details are provided in Appendix S1.
Plant transformation. The details are provided in Appendix S1.
Quantitative and qualitative analysis of cotton fiber. The details are provided in Appendix S1. Histochemical detection of superoxide, H 2 O 2 and autophagy. The details are provided in Appendix S1.
SOD activity assay. The details are provided in Appendix S1.
Transcriptome sequencing and analysis. The details are provided in Appendix S1 and Table S5 .
Co-expression network analysis. The details are provided in Appendix S1.
ChIP assay. The details are provided in Appendix S1 and Table S6 . 
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